a b s t r a c t
In the field of sensory perception, one noticeable fact regarding olfactory perception is the existence of several olfactory subsystems involved in the detection and processing of olfactory information. Indeed, the vomeronasal or accessory olfactory system is usually conceived as being involved in the processing of pheromones as it is closely connected to the hypothalamus, thereby controlling reproductive function. By contrast, the main olfactory system is considered as a general analyzer of volatile chemosignals, used in the context of social communication, for the identification of the status of conspecifics. The respective roles played by the main and the accessory olfactory systems in the control of mate recognition and sexual behavior are at present still controversial. We summarize in this review recent results showing that both the main and accessory olfactory systems are able to process partially overlapping sets of sexual chemosignals and that both systems support complimentary aspects in mate recognition and in the control of sexual behavior.
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Among the various communication strategies that have evolved in mammalian species, smell is surely the most widespread and the most conserved [106] . In the field of chemosensory communication, Karlson and Lüscher [43] introduced the concept of "pheromones" as chemosignals that provide information to conspecifics about sex or endocrine status or which stimulate hard-wired species-specific social behaviors. Traditionally, pheromones have been classified as either "releaser pheromones" which trigger an immediate response or as "primer pheromones" inducing long-term changes in behavior or physiology. More recently, a new terminology has been introduced, including "signaler pheromones", which induce behavioral or physiological changes depending on the identity of the individuals emitting or sending the pheromonal signal. However, it is difficult to classify specific pheromonal compounds regarding their neurobiological processing and/or their behavioral action and consequently there has been some controversy about the use and definition of the term "pheromone". For example, a pheromonal compound such as brevicomin can act either as a releaser pheromone, eliciting aggressive responses in conspecific males, or as a primer pheromone, inducing estrus in female mice [81] .
Despite these controversies, it is clear that olfactory/pheromonal signals profoundly influence neuroendocrine functioning and regulate a wide variety of social behaviors including sexual interactions, parent-offspring relations and interindividual aggression. In the field of sexual functioning, olfactory cues and pheromones are probably the most powerful signals mediating the influence of social environment on reproductive function in many species. For example, pheromones have been shown to influence nearly all stages of reproductive life including the modulation of sexual maturation and puberty [110] , the suppression of estrous cyclicity [115] , the mediation of mate recognition and sexual interactions [3, 47] , the disruption of pregnancy [13, 14, 18] or the initiation of maternal behavior at parturition [58, 59] .
Finally, one noticeable fact in the physiology of olfaction is the existence of at least two distinct but complementary systems for the detection of chemosensory molecules, namely the main and the accessory olfactory systems [12, 15, 75, 102] (see [11] for the newly chemosensory system identified in the Grueneberg ganglion) in most mammalian species. These olfactory systems have evolved so that they differ in their peripheral anatomy, their central projections and also in their function. However, both systems may also function synergistically in sustaining some pheromone-dependent behaviors [7, 48, 90] . Therefore, a central problem in olfaction is to elucidate the relative roles played by both systems in detecting olfactory information and in regulating chemosensory-dependent behaviors. In this review, we will focus on the relative roles of the main versus accessory olfactory systems in the processing of sexual olfactory/pheromonal chemosignals and their involvement in the control of sexual interactions, including mate recognition, as well as how these olfactory systems are regulated by gonadal hormones.
Functional organization of both the accessory and main olfactory systems

The accessory olfactory system
The accessory olfactory system, through its close connections with the reproductive hypothalamus, is usually conceived to be involved in the detection of odors that influence reproductive behaviors and as a consequence triggers neuroendocrine changes leading to puberty acceleration, estrous induction, and pregnancy block, as well as the testosterone increases in males when exposed to urine from estrous females [51, 52, 91] . The sensory neurons of the accessory olfactory system are found in the vomeronasal organ (VNO), a blind-ended tube located at the basis of the nasal septum which opens via a small duct into the nasal cavity or into the mouth depending on the species. The VNO detects pheromones which gain access to the VNO by a vascular pumping mechanism [78] . Indeed, many mammalian species engage in intense physical investigation of scent sources, thus exposing VNO sensory neurons to chemosignals which are pumped into the lumen of the VNO when the animal is attending to the stimulus [66, 76] . Pheromonal ligands then interact with receptors on the membrane of VNO sensory neurons. These vomeronasal receptors have been identified and classified in two distinct families: the vomeronasal type 1 (V1Rs) and type 2 receptors (V2Rs). Both types of receptors share little sequence homology and are thought to have an ancient evolutionary origin [51, 52] . In addition, both types of receptors are expressed in different regions of the VNO: V1Rs are expressed in the apical part of the VNO, near the lumen, while V2Rs are expressed in the more basal region [14, 38] . This regionalization is conserved at the level of the first olfactory relay, the AOB, where V1Rs neurons send projections exclusively to the rostral part of the AOB while the V2Rs neurons project to the caudal part of the AOB. It has been shown that these subdivisions of the VNO and AOB sustain functional differences as they respond differentially to pheromonal stimuli in mice [16, 37] . After the first olfactory relay, mitral cells of the AOB project in turn to the medial nucleus of the amygdala, where information processed in the two parts (rostral vs caudal) of the vomeronasal pathway converge when their projections overlap in this structure [111] . Olfactory information is then dispatched to several hypothalamic and limbic regions involved in the regulation of reproductive behavior such as the bed nucleus of the stria terminalis (BnST), the medial preoptic area (MPOA) and the ventromedial hypothalamus [93] and thus bypass higher cognitive cortical centers.
The main olfactory system
The vomeronasal system has traditionally been the main focus for pheromonal research, while the main olfactory system has been considered as a general analyzer that detects and differentiates among complex chemosignals that are present in the physical and social environment of individuals [31] . However, some mammalian pheromones have long been known to be detected by the main olfactory system (MOS; [12] . In the MOS, chemosignals are detected by olfactory sensory neurons located in the main olfactory epithelium (MOE). These sensory neurons represent the start point of the central treatment of olfactory information as they project their axons through the cribiform plate to converge at the first relay of the central olfactory system in the brain: the glomeruli of the main olfactory bulb (MOB) [19] . It should be noticed that individual sensory neurons in the MOE project a single axon to a single glomerulus in the MOB, therefore, the glomerular layer of the MOB forms a map of olfactory axons terminals [19, 120] . These projections of the MOE sensory neurons are precisely organized so that MOE sensory neurons expressing a given odorant receptor send their axons to a few converging glomeruli with a fixed topographical localization. The mitral and tufted cells abutting these MOB glomeruli then transmit olfactory signals to various forebrain and cortical targets including the piriform cortex, the entorhinal cortex or the anteriorcortical nucleus of the amygdala [93] .
Convergence between main and accessory olfactory pathways
While main and accessory olfactory systems exhibit segregated pathways at the level of the first olfactory relays, the two systems converge downstream at several levels, including the cortical-medial amygdala [33, 53, 54, 75, 77, 93, 107] . Indeed, electrical stimulations of both the MOB and vomeronasal organ induce electrophysiological activation of this structure [61, 77] . More interestingly, single neurons have been shown to respond to these stimulations, suggesting that both systems can interact in the processing of olfactory/pheromonal signals at the single cell level in the amygdala and interact downstream towards the BnST or MPOA which are of great importance in the regulation of sexual behavior. In addition, it has been recently suggested that the AOB receives backward connections from several forebrain sites including the bed nucleus of the accessory olfactory tract, the rostral portion of the medial amygdala (MeA), and the posteromedial cortical nucleus of the amygdala (PMCo). When exposed to male urinary volatiles, these connections show specific activation, suggesting that main olfactory-MeA-AOB signaling may motivate approach behavior to opposite-sex pheromonal signals that ensure successful reproduction [71] .
Another site of cellular convergence of both olfactory systems appears to be the gonadotropin-releasing hormone (GnRH) neurons. Indeed, it is widely accepted that the effects of pheromones on neuroendocrine status are mediated by GnRH neurons which are found scattered in the anterior hypothalamus [77, 80, 113, 114] . Several sets of experiments have repeatedly demonstrated that the vomeronasal system sends projections to the GnRH neurons, and that pheromonal signals processed through the vomeronasal system can activate these neurons [80, 113, 114] . However, while recent experiments confirmed that GnRH neurons receive signals from subsets of neurons located in the vomeronasal system, they also, and more surprisingly, demonstrated that GnRH neurons receive connections from the main olfactory system [10, 119] suggesting that GnRH neurons can receive information about odorants processed by both olfactory systems. Interestingly, GnRH neurons have bidirectional contacts with both main and accessory olfactory systems-relay areas, implying that they can also modulate the processing and transmission in both olfactory systems. Finally, GnRH neurons contact brain areas associated with sexual behavior whose connections exhibit sexual dimorphism. All these results suggest that both olfactory systems converge on and can impact GnRH neurons and in turn influence sexual behavior [10, 119] .
Functional roles of both the main and the accessory olfactory systems in pheromonal processing
The vomeronasal system is known to be involved in several pheromone-induced physiological responses in mice, including puberty acceleration, estrus induction, and pregnancy block-confirming the traditional view of the vomeronasal pathway. In the case of pregnancy block (Bruce effect) the pregnancy of recently mated females is disrupted if these females are exposed to the urine of an unfamiliar male [12, 15, 18] . This effect is based on females' learning of the mating male's olfactory signature during the immediate post-copulatory period. Once this learning is established, the urine of the mating male will not induce this pregnancy failure, contrary to the urinary odors of unfamiliar males. Although the nature of the signal supporting the Bruce effect is still unclear (see [13] this issue for a complete discussion of this point), the MHC class-1 peptides [57] have been shown to convey, through their action on the V2R-expressing receptor neurons in the basal VNO, some information about the individuality of the mating male. Lesioning the VNO itself or any other level of the vomeronasal pathway has been shown to consistently disrupt the pregnancy block effect [8, 64] . Lesions to the VNO have also been shown to disrupt other pheromonally induced behaviors, such as the acceleration of puberty, measured through the occurrence of the first estrous cycle, which is observed in pre-pubertal female mice that are exposed to male olfactory cues (Vandenbergh effect; [65] , or the suppression of the estrous cycle that occurs after housing adult females together (Whitten effect) [27, 115] .
By contrast, the MOS is traditionally thought to be involved in the processing of odors related to social attraction and complex social recognition, thus allowing animals to distinguish sex, social or reproductive status of conspecifics. Indeed, urine, like most other social olfactory stimuli, consists of a large number of distinct chemical compounds that vary according to the sex, strain, social and physiological status of the emitter [1, 42] . For example, the volatile urinary compound (methylthio) methanethiol (MTMT) has been shown to activate a subset of mitral cells in the MOB, and when added to urine, enhances urine attractiveness to female mice [62] . In this context, the anatomical segregation of the two systems and the extensive functional differences between them have given rise to the traditional view that the MOE detects volatile odorants in the environment while the VNO detects non-volatile pheromones [15, 19] . In support of this functional dichotomy, Luo et al. have demonstrated using electrophysiological recordings of mitral cells in the AOB in behaving animals that these cells are only activated when mice make direct physical contact with the odorant source (either the face or anogential regions of an anaesthetised stimulus female [66] ).
The functional dichotomy between both main and accessory olfactory systems is not so clear-cut and it is now necessary to revise this segregation. This revision is based on recent experimental facts showing that both the VNO and the MOE have the ability to detect some overlapping sets of chemosensory cues. Some of the experiments supporting this view are listed below. First, the view that the VNO is only involved in the detection of non-volatile odors has recently been challenged by using both electrophysiological and imaging methods. With these new approaches, several groups have demonstrated, using in vitro preparations, that VNO neurons can express very sensitive and specific responses to urinary or bodily volatile compounds, such as farnesenes or brevicomine [23, 56] . However, the general view is that these volatile ligands need to be transported into the VNO by transport proteins belonging to the lipocalin family; in vivo, such molecules gain access to the VNO after direct contact with the stimulus source. Among these proteins that act as carrier for volatile ligands, some, such as major urinary proteins (MUPs) [15, 40] or aphrodisin [17] have been now clearly characterized. It should be noticed that these carrier proteins might also serve by themselves as cues for individual recognition, especially because they exhibit a high degree of polymorphism [40] and are able to stimulate egr-1 expression in specific regions of the accessory olfactory bulb [16] .
Whether the accessory olfactory system can be directly stimulated by volatile pheromones (i.e. without direct physical contact with the olfactory source) remains controversial but some experiments reported the activation of the AOB by volatile compounds delivered in the airstream [70, 118] . In addition, other indirect behavioral evidence for a role of the VNO in the detection of volatile molecules comes from the study by Trinh and Storm [109] , who used transgenic mice with a nonfunctional cAMP signaling pathway in the olfactory epithelium due to a mutation in type 3 adenylyl cyclase (AC3). Such AC3 KO mice were able to detect several volatile odorants, including putative pheromones, presumably via the VNO. However, more recently it was shown that mice defective in the olfactory cAMP signaling pathway can detect some volatile odorants through their olfactory epithelium using alternative transduction pathways [63] .
It has also been known for a long time that some pheromones can be detected by the main olfactory system. For example, the volatile steroid androstenone in boar saliva induces lordosis in receptive sows [25, 26] . Indeed, this volatile chemosignal continues to induce lordosis in female sows even if their VNO is blocked, suggesting that it is detected and processed by the MOE. In sheep, the male effect, characterized by the occurrence, during the anestrous period, of a preovulatory LH surge and ovulation in ewes, is due to exposure to ram odors and involves the main olfactory system [21, 24, 32] . Indeed, lesioning the vomeronasal pathway does not affect the ewe's neuroendocrine LH response to the ram. In mice, MTMT in male mouse urine is also detected by the MOB and is a potent attractant for female mice [62] . With regard to mother-young relationships, the rabbit mammary pheromone 2-methylbut-2-enal present in the milk of the mother induces nipple-searching behavior in pups [94] ; removal of the VNO has no effect on the nipple-search behavior while ablation of the MOE abolishes it completely [39] . Finally, with regard to humans, who do not have a functional VNO and in whom an AOB has never been identified, it has been shown that exposing women with normal menstrual cycles to axillary extracts from women in their follicular phase shortens the length of the recipient's menstrual cycle [104] . Furthermore, Shinohara et al. [100] reported that women exposed to female axillary secretions showed changes in LH pulses. Finally, Preti et al. [88] showed that male axillary extracts affected pulsatile secretion of LH and mood in women recipients. These studies thus showed that axillary secretions contain one or more compounds that may act as a pheromone in humans.
Additionally, some pheromonal signals may also be processed in parallel by the two olfactory systems. Calcium imaging studies with in vitro preparation of nasal tissue have shown that some sensory neurons respond to MHC peptides in both the VNO and the MOE [103] . Indeed, it has been demonstrated that non-volatile olfactory cues can also gain access to the MOE after direct physical contact [103] . The thresholds of sensory neurons responses to MHC peptides differ in both VNO and MOE, with values in the nanomolar range for vomeronasal sensory neurons [57] and near 10 −10 M in the MOE [103] . The mechanisms underlying the detection for the same chemosignals by sensory neurons in the VNO and MOE depends on distinct sets of transduction mechanisms. For example, local field potentials to MHC peptides are inhibited by the drug 2-aminoethoxydiphenylborate (or 2-APB) in the VNO, but not in the MOE [57, 103] . In addition, MOE responses to MHC peptides are inhibited by adenylcyclase antagonists and critically depend on a functional CNGA4 gene, which encodes a principal subunit of a cyclic AMP-sensitive CNG channel expressed in MOE but not in the VNO, thus showing that MHC peptides ligands are transduced in the MOE by cells employing a cAMP-signaling pathway and the olfactory CNG channel. Similar results have been obtained with the odorant 2-heptanone: its detection appears to be dependent on the Trp2 gene in the VNO, while in the MOE, detection of 2-heptanone depends on the CNGA2 [60, 63] . At the behavioral level, this processing of the same olfactory signals is not just a redundancy. Indeed, specific activation of each system can lead to distinct behavioral outcomes. Thus, in the vomeronasal system, MHC-class I peptides signals has been shown to sustain information about individuality in the context of the Bruce effect [57] while processing of MHCclass I peptides in the MOE support social preferences [103] . This demonstrates that MHC processing via the MOE does not replace VNO sensory inputs.
3. Both main and accessory olfactory systems interact in the control of mate recognition and sexual behavior
Olfactory control of mate recognition
As mentioned previously, it is generally believed that recognition/discrimination as well as attraction to the opposite sex involves the main olfactory pathway. Indeed, this has been demonstrated to be the case in several species including rodents, ferrets, pig or monkeys. By contrast, the accessory olfactory pathway is thought to control sexual behavior due to its connections with the hypothalamus. However no general consensus has been yet established and a recent series of experiments based on specific lesions of the main versus accessory olfactory pathways have started to establish more precisely the relative roles of both systems in the control of mate recognition.
The general view that attraction/recognition toward the opposite sex involves the main olfactory system is based on the fact that sexual discrimination is usually achieved by animals of both sexes on the sole basis of volatile olfactory cues. These results have been consistently obtained using various behavioral paradigms including habituation/dishabituation tests [6, 86] , Y-maze preference tests [44, 45, 83] or studies using olfactory go-no-go conditioning procedures [101, 112] . In this context, recent olfactometer experiments performed by our group have confirmed and further explored sexual discrimination abilities of female mice on the sole basis of volatile odors. Briefly, the general principle of olfactometry is as follows: the olfactometer presents an odor when the mouse breaks a photobeam in the odor sampling tube with its snout ( Fig. 1A1 ; see [112] for further experimental details). When the photobeam is broken, a stream of purified air displaces the volatile odor headspace in the odor vials, sending this odor through a mixing manifold to pass by the nose of the animal as it licks from a reward spout (Fig. 1A2) . In this go/no-go discrimination paradigm, mice were rewarded with Pediasure ® when they responded correctly by licking to the presentation of the S+ (hit) odor (Fig. 1A3) . If the animal did not lick for presentation of the S+ odor (miss) or did lick for presentations of the S− odor (false alarm), it was given a negative score. Alternatively, in cases when the animal did not lick for presentations of the S− odor (correct reject), the animal received a positive score (Fig. 1A4) . After the completion of a trial, the next trial started after an inter-trail interval of 5 s (Fig. 1A5) . Olfactory discrimination was assessed during 8 S+/S− blocks of 20 trials followed by a control block (S−/S−) and a final block S+/S− block. As illustrated in Fig. 1B , experimental C57Bl6 female mice (n = 7) readily discriminated volatile olfactory cues emanating from male mouse urine versus estrous female urine. Very similar results were obtained when the same kind of discrimination task was administered to mice using low molecular weight urinary fractions which contain only volatile odors (LMW; see [46] for details regarding biochemical separation of low molecular versus high molecular urine fractions; HMW). By contrast, mice failed to discriminate the odors when the task was performed using non-volatile urinary fractions (Fig. 1C) . Reloading HMW with LMW fractions restored discrimination between male versus estrous female urinary cues. Additionally, we also demonstrated that the volatile male mouse pheromone, MTMT, can be discriminated at a concentration as low as 10 nM when added to a solution of gonadectomized male urine diluted in water (Fig. 1D) . In support of this behavioral result, this molecule has been recently shown to induce attraction of female mice at a concentration of 20 nM, and electrophysiological work has demonstrated that MTMT induced clear responses in MOB mitral cells of female mice, indicating that the main olfactory system mediates the attraction of females to this pheromone [62] . Finally, mice were also able to discriminate between volatile urinary cues derived from congenic mouse urine (C57BL/10J mice (bb at H-2) and C57BL/10J-H-2 k (kk at H-2); Fig. 1E ). This result confirmed previous experiments performed by various groups who demonstrated that mice lacking a vomeronasal organ can discriminate between MHC odortypes [117] and MHC-class I peptides [50] . This whole set of results further suggests that volatile olfactory cues are strictly processed by the main olfactory system, at least when physical contact with the odor source is prevented.
The involvement of the main olfactory system in mate recognition has been confirmed by lesion studies of main olfactory function using intranasal application of zinc sulphate [44, 45] . In both sexes, lesioning the MOS completely suppressed the preference for opposite-sex olfactory cues observed in both Y-maze and habituation/dishabituation experiments. This effect of zinc sulphate lesioning was not only obtained when the animals were provided with volatile olfactory stimuli, but also when direct contact with olfactory cues was allowed, thus providing both volatile and non-volatile olfactory cues. This latter result suggests that, zinc sulphate-treated animals do not detect the volatile odors released from odor sources and subsequently are not attracted to investigate them further. This is in line with previous observations in OMP-ntr mice, where targeted destruction of the MOE made it impossible for female mice to locate male urine spots placed in their home cage [67] .
Complimentary to the results detailed previously, surgical lesions of the VNO clearly showed that this treatment is not effective in disrupting mate recognition in both male and female mice [44, 45, 82, 83] . Indeed, VNO-lesions did not impair the discrimination of body or urinary volatile odorants in a habituation/dishabituation test as well as the preference for opposite-sex-derived volatile odors measured in Y-maze choicetests. The lack of involvement of the vomeronasal pathway to support mate recognition has also been demonstrated in female ferrets, where lesioning the VNO did not affect the preference for volatile body odorants emitted from males [116] . By contrast, blocking the nares of the animals disrupted mate recognition in both male and female ferrets [49] . In addition, VNO duct occlusion failed to disrupt female attraction toward the boar pheromone, androstenone, [26] . Interestingly, these results demonstrating the lack of a role for the VNO in mate recognition, have been broadly confirmed by performing lesions downstream in the accessory olfactory pathway at the level of the AOB [41, 72] . The fact that mate recognition is not disrupted when the AOB is lesioned also confirms that previous results obtained by surgical removal of the VNO were not the consequence of an occlusion of the nasal cavity by blood clots, as was recently suggested by Kimchi et al. [55] .
Despite this convergent body of results, a role for the VNO in mate recognition has been recently claimed by studies using transient receptor potential cation 2 channel knock-out male mice [60, 105] . Indeed, deletion of Trp2 results in a dramatic reduction of various electrophysiological responses in VNO sensory neurons after exposure to urinary odorants. In addition, at the behavioral level, Trp2-KO male mice mounted male and female subjects indiscriminately [60, 105] , leading to the conclusion that the VNO is required for sex discrimination. However neither study measured olfactory sex discrimination directly. It remains questionable whether Trp2-KO males can discriminate between the sexes on the basis of olfactory cues. These results can, however, be reconciled with previous findings because in a recent study performed by Kelliher et al. [50] , Trp2-KO mice showed electrophysiological responses after being stimulated with MHC-class I peptides; in addition these mice showed a pregnancy block effect when exposed Fig. 1. (A) procedure for assessing odor discrimination capacity using a liquid olfactometer. Briefly, the olfactometer presents an odor when the mouse breaks a photobeam with its snout. When the photobeam is broken, a stream of purified air displaces the odor headspace in the odor vials, sending this odor through a mixing manifold to pass by the nose of the animal as it licks from a reward spout. In this go, no-go discrimination paradigm, mice were rewarded with approximately 3 l of Pediasure when they responded correctly by licking to the presentation of the S+ (hit) odor. If the animal did not lick for presentation of the S+ odor (miss) or did lick for presentations of the S− odor (false alarm), it was given a negative score. Alternatively, in cases when the animal did not lick for presentations of the S− odor (correct reject), the animal received a positive score. Results are expressed as percentage of correct responses by blocks of 20 trials. For each discrimination task, female mice (n = 7) were submitted to eight discrimination blocks (S+/S−), followed by a control block (S−/S−) to discard any potential contamination allowing to achieve the discrimination task through non specific olfactory cues; during this control block performance was expected to be under the chance threshold (set-up at 65%); a final discrimination was performed to test for recovery of normal performance. (B-E) discrimination task involving (B) male vs estrous female urine (dilution of urine 10 −2 , see [112] for experimental details), (C) low molecular urinary fraction (black circles), high molecular urinary fraction (white circles) and high molecular fraction reloaded with low molecular fraction; all fractions derived from male vs estrous female urine (see [46] for separation of urinary fractions), (D) (methylthio)methanethiol diluted in gonadectomized male urine vs gonadectomized male urine and (E) urine of congenic mice. Discrimination tasks were performed in the order described previously. Results clearly demonstrated that volatile urinary cues are sufficient for mate recognition in female mice.
to the odor of a strange male. These results indicate that ablation of Trp2 cannot be considered as being totally equivalent to a complete elimination of VNO function. Instead, it seems likely that some VNO function, presumably involving the V2-R expressing receptor neurons, is retained in Trp2 KO mice. Finally, it must be mentioned that when direct access to the odorant source is provided to VNO lesioned animals in Y-maze odor preference tests, olfactory investigation and preference is clearly disrupted, suggesting that the VNO can contribute to subject's motivation to approach and investigate potential mates. However, this appears to be only on the basis on non-volatile olfactory cues detected through direct physical contact with the odorant source [46] .
Olfactory control of sexual behavior
Which olfactory system mediates sexual behavior in mice has also been a matter of debate. In the male, the involvement of VNO in copulatory behavior seems to vary according to the species. In male mice, lesioning the VNO is without any impact on male sexual behavior [82] and Trp2-KO male mice also show normal levels of copulation [105] . These results point to a possible role for the main olfactory system in the expression of male sexual behavior [45] . However, genetic ablation of a subset of V1Rs has significant effects on sexual behavior in males [23] . In other species such as hamsters or prosimian primates (Microcebus murinus), surgical ablation of the VNO seemed to have more dramatic effects on the display of sexual behaviors [2, 87] . However, in mice, male sexual behavior has been shown to be more generally dependent on a functioning MOE. Indeed, if initial studies by Edwards and Burge [28] suggested that the MOE was not involved in controlling male sexual behavior, this result has recently been challenged by various studies, using either chemical lesions of the MOE with dichlobenil [119] or zinc sulphate [45] or using genetically engineered mice lacking CNGA2, a channel that is only expressed in MOE sensory neurons [69] . All studies showed a dramatic disruption of sexual behavior after destruction/inactivation of the MOE, which is in sharp contrast with the results of Edwards and Burge [28] . Sexual experience may account for these discrepancies as at the behavioral level, sexual experience is a factor allowing the integration of chemosignals originating from both main and accessory olfactory systems.
Indeed, the integration of the ability to mate is, in male hamsters, dependent on sexual experience and integration of vomeronasal cues with main olfactory cues [74, 84] . In sexually naïve males, severe deficits in mating behavior can be observed following removal of the VNO, demonstrating that vomeronasal inputs are necessary to achieve copulation in these animals. By contrast, either main or vomeronasal inputs are sufficient for mating to occur in sexually experienced males, and only lesioning of both systems impairs copulation. This effect of olfactory deprivation on sexual behavior may be mediated by GnRH neurons. Indeed, as mentioned previously, GnRH cells receive olfactory information from both the main and the accessory olfactory system and an icv injection with GnRH is able to overcome the absence of olfactory inputs in a way similar to that of sexual experience [29, 30, 77, 79] . Therefore, it is possible that sexual experience modulates the relative functional efficiency of these MOB to GnRH neuron connections; these connections gaining functional efficiency only after sexual experience. To support this hypothesis, it has been shown that, female chemosensory cues are better able to induce MPOA activation (a structure where GnRH neurons are located), measured through Fos immunocytochemistry, in sexually experienced than in naive males. This compensation between both olfactory systems may however not be a general rule as previously mentioned in male mice, where lesion of main olfactory epithelium disrupted mating behavior in sexually naïve [119] as well as sexually experienced animals [45] , suggesting that vomeronasal inputs are not sufficient to sustain copulation in this species.
In the female, early studies [28, 108] also pointed to a role for the main olfactory system in the display of female sexual receptivity, since destruction of the MOE by intranasal infusion with zinc sulphate attenuated lordosis behavior in estrogen-progesteronetreated mice. In accordance with these results, recent experiments showed that destruction of the MOE reduced lordosis (in ovariectomized females primed with estradiol and progesterone) quotients by approximately 50% [45] . These results suggest that deprivation of main olfactory sensory input may induce less activation of the brain centers regulating lordosis and as a consequence impairs lordosis behavior. However, these effects of MOE lesions did not did not disrupt lordosis as effectively as did VNO lesions. Thus, VNO lesions completely abolished lordosis behavior in females of several mammalian species including hamsters [68] , voles [22] , rats [89] and mice [45] . Intriguingly, studies on the role of the VNO in the Bruce effect in mice showed that VNO ablation did not prevent female mice from becoming pregnant [50, 64] , suggesting that the VNO may not mediate female sexual receptivity in mice. However, both sets of data can be reconciled considering the time of exposure of the female to a stimulus male. Indeed, it is has been shown that the adverse effects of VNO lesions can be overcome by long-term exposure to the male. For example, the lordosis quotient of VNO-lesioned female rats increased after prolonged exposure to the male [89] . Whether females are sexually experienced or not prior to VNO removal may also play a role.
Sexual differentiation of both olfactory systems
Sexual behaviors displayed by males and females are clearly differentiated. As olfaction is the major sensory modality regulating sexual interactions, at least in rodents, it is not surprising that the olfactory systems show sexual dimorphisms at both morphological and functional levels. These sexual dimorphisms are the result of perinatal actions of gonadal hormones (see [4] or [73] for general principles regarding brain sexual differentiation). For example, the VNO, but also the whole vomeronasal system, is a sexually dimorphic chemosensory structure differentiated by gonadal hormones shortly after birth [35, [95] [96] [97] 99] . The overall volume, neuroepithelial volume, and number of bipolar neurons are all larger in male rats. These sex differences are abolished and inverted when males are gonadectomized and females are androgenized on the day of birth. Androgenized females had greater morphometric values than control females and in this regard resembled control males, while males castrated at birth did not differ from control females. Gonadal steroids maintained VNO structure in adulthood: when male and female rats were gonadectomized at 90 days and sacrificed at 180 days, a decrease in the VNO neuroepithelial height occurred in sexes [98] . Whether the same morphological sex differences exist in the main olfactory system is unknown.
Sex differences have also been reported in olfactory sensitivity at the functional level. For instance, sows are significantly better than boars at using decreasing concentrations of the volatile male pig pheromone, androstenone, to identify the presence of a food reward [25] . In addition, using positron emission tomography [92] , women but not men showed a significant activation of the preoptic area and ventromedial nuclei of the hypothalamus when actively smelling androstadienone, an androgenic compound secreted by the axillary glands in higher concentrations in men than in women [34] . These sex differences in olfactory sensitivity are not only restricted to the detection of opposite-sex odors, but also involve samesex odors. For instance, using habituation/dishabituation tests to determine odor attraction thresholds, female mice respond more reliably than male mice to low concentrations of volatile urinary odors from either sex [6, 86] . By contrast, other studies have shown that males were more proficient than females at discriminating between several types of urinary odors using an olfactometric device [112] . As with morphological differences, the existence of sex differences in olfactory sensitivity suggests that gonadal hormones may affect olfactory capabilities. These sex differences in olfactory sensitivity may reflect differences in circulating sex steroids at the time of testing (activational effects) or a hard-wired sex dimorphism in the functioning of the olfactory system that resulted from the perinatal actions of gonadal hormones (organizational effects). In this context, the aromatase knock-out (ArKO) mice have been used as a tool to assess the effects of perinatal estrogen exposure on social odor processing. ArKO females read-ily learned to discriminate urinary volatiles from ovariectomized females treated with estradiol as opposed to estradiol sequenced with progesterone and estradiol. Surprisingly, wild-type females failed to acquire this discrimination in a food-motivated go/no-go task [112] . Both wild-type and ArKO females successfully learned to discriminate between other types of volatile urinary odors, including those from gonadally intact male versus ovariectomized females primed with estradiol + progesterone and those from gonadally intact versus castrated males. However, the different capacities of WT and ArKO females to discriminate volatile urinary odors from ovariectomized females treated with estradiol as opposed to oestradiol + progesterone cannot be explained by a difference between females of these two phenotypes in the ability of these two odors to activate distinguishable clusters of MOB glomeruli [70] , suggesting that the central processing of social odors may be affected in female ArKO mice. In this respect, ArKO females that were treated with estradiol benzoate in adulthood to correct for their estrogen deficiency showed a normal, female-typical, Fos activation at the level of the olfactory bulbs when exposed to male urinary odors, but Fos responses were affected at more central levels [85] . Indeed, male odors still induced significant Fos expression in the medial amygdala of ArKO females, although this increase was clearly reduced in comparison with WT female mice, and failed to activate the VMH, a brain region critical for the expression of reproductive behavior in female mice. This result suggests that, in ArKO females, olfactory cues from a potential mate are correctly detected at the level of the olfactory bulb but that the integration of their reproductive value at the level of the amygdala and VMH is reduced, which may explain their deficits in the expression of sexual behavior [5] . Different patterns of Fos expression following exposure to urinary odors from conspecifics of both sexes were also observed in the amygdala of WT and ArKO males, a region that seems to be essential for the integration of olfactory stimuli in mice [20] , suggesting that perinatal estrogens may be involved in the development of this brain area in both males and females. Finally, these results confirmed previously observed sex differences in neural activation of the accessory olfactory pathway following exposure to male odors [36] , although no significant Fos responses were observed in central brain regions of male ArKO mice when exposed to male urine, suggesting that these sex differences probably reflect the perinatal actions of androgens as was recently suggested by the work of Bodo and Rissman [9] .
Conclusion
We have reviewed the current view of how the mammalian main and accessory olfactory systems detect partially overlapping sets of social chemosensory cues, giving rise to a model that involves parallel processing of the same molecules but through different mechanisms leading to specific behavioral outputs. Consequently, both systems should be conceived as complementary rather than as separate pathways. Further experimentation will be needed to understand how chemosensory cues are integrated with hormonal and neuroendocrine factors to control courtship and mating behaviors.
